INTRODUCTION
============

Mammalian extracellular regulated kinases (Erks), which include two isoforms, Erk1 and Erk2, and several splicing variants form a subgroup within the family of mitogen-activated protein kinases (MAPKs; [@B11]; [@B40]; [@B5]; [@B46]; [@B59]; [@B29]; [@B62]; [@B17]). Erk proteins play a pivotal role in numerous critical processes in cell life and are abnormally overactive in most human cancers ([@B8]; [@B31]; [@B50]; [@B59]; [@B55]). Nonetheless, Erks have not been reported as proto-oncogenes (see later discussion).

Like most MAPKs, Erks manifest full catalytic activity only when phosphorylated on two neighboring residues, a Thr and a Tyr (part of a TEY motif) located within the protein's activation loop ([@B49]; [@B13]; [@B15]). This mode of activation is unique to MAPKs, as most other eukaryotic protein kinases (ePKs) are activated by phosphorylation of a single Thr at their activation loop ([@B28]; [@B44]; [@B60]). In addition, whereas many ePKs are capable of autophosphorylating their activation-loop threonine, Erk proteins have very poor autophosphorylation activity, which is directed primarily toward the Tyr residue and does not stabilize the active conformation to induce efficient catalysis ([@B57]; [@B18]; [@B34]). Phosphorylation of the Erk TEY motif is mediated by specific kinases known as MAPK kinases (MEKs; [@B39]; [@B46]; [@B14]). Dual phosphorylation of Erk2 imposes dramatic conformational changes that are similar in some aspects to the effects of activation-loop phosphorylation on other kinases, for example, the catalytic subunit of protein kinase A. The phospho-Thr at the activation loop of Erk2, T183, forms a network of interactions, including key interactions with helix C residues R68 and R65, thereby stabilizing the "closed" conformation between the N- and C-lobes ([@B1]; [@B13]; [@B28]; [@B44]).

Although much is known about the structure--function properties of kinases, prediction of point mutations that would generate the kinase spontaneously active and allow study of its specific effect on cells and organisms is not currently feasible. Some kinases, but not all ([@B1]), can be made intrinsically active by replacing the activation-loop threonine with Asp or Glu ([@B23]; [@B27]; [@B45]). The requirement of dual phosphorylation for activation renders Erks less permissive than other kinases to intrinsic activation by mutations ([@B4]). However, some bona fide active variants of Erk were reported ([@B19]; [@B34]). Erk1(R84S) and Erk2(R65S) were constructed on the basis of a mutation, R68S, discovered in the yeast Erk orthologue Mpk1/Slt2. This point mutation leads to an increase in intrinsic catalytic activity ([@B34]). Other active variants include Mpk1(Y268C) (Y261C in mammalian Erk2), which seems to increase biological but not catalytic activity (in yeast; [@B34]) and Erk2(I84A) that was constructed on the basis of the involvement of I84 in transferring structural information from the gatekeeper residue ([@B19]). Another mutant, Erk2(D319N), was constructed on the basis of a gain-of-function mutation known as *sevenmaker* found in the *Drosophila* Erk orthologue, *Rolled* ([@B10]; [@B12]). Despite their apparent potential, it is not clear whether these variants are spontaneously active in living mammalian cells and might serve as tools with which to reveal the physiological and pathological consequences of Erks activity per se.

In a large number of human cancers, the high and constitutive activity of Erks is a result of genetic alterations in components of the RTK/Ras/Raf/MEK pathway that function upstream to Erks ([@B31]; [@B50]; [@B55]). For example, the gene encoding the RTK *neu*/HER2 is amplified in ∼30% of breast cancer cases, and the RTK EGFR is mutated in ∼25% of non--small cell lung carcinoma patients ([@B29]; [@B41]). Activating mutations in Ras are prevalent in pancreatic (∼95%), thyroid (55%), colorectal (35%), and lung (35%) carcinomas and in myeloid leukemia (30%; [@B9]; [@B32]). The gene encoding the B-Raf kinase is mutated in ∼40% (in some reports 80%) of melanoma cases ([@B48]; [@B47]). Mutations in MEK have been detected in ∼2% of melanomas and colon carcinomas ([@B42]). The RTK/Ras/Raf/MEK pathway may thus suffer deregulation in most, if not all, human tumors ([@B24], [@B25]). Of interest, a fusion MEK-Erk2 protein was shown to be capable of transforming NIH3T3 cells, further supporting the idea that Erks are important mediators of the oncogenic cascade ([@B52]). Of note, however, RTKs and Ras activate other pathways in addition to the Raf/MEK cascade. Furthermore, Raf seems to have important effects on the cell not via Erk ([@B26]).

The notion that Erk1/2 play critical roles in executing the biological and pathological functions of the Ras/Raf/MEK cascade in cancer is thus based on a large amount of circumstantial evidence. Direct examination of the matter was not performed because it was hitherto not possible to activate the Erk family itself in the cell, let alone activate each isoform individually, in order to ask whether the pathological consequences of such activation would be similar to the consequences of activation of Raf or MEK.

Here we studied the biochemical properties of intrinsically active Erk molecules and addressed aspects of their mechanism of action. We then tested whether they can be used for asking the critical question of whether active Erk alone could execute some functions of the entire RTK/Ras/Raf/MEK pathway. We found that Erk1(R84S) and Erk2(R65S) are efficiently autophosphorylated in cell culture and are capable of spontaneous activation of the downstream pathway. Moreover, we report that NIH3T3 cells expressing Erk1(R84S) form foci on plastic plates, colonies in soft agar, and tumors in nude mice.

Analysis of the biochemical properties of Erk1(R84S) and Erk2(R65S) revealed that they efficiently autophosphorylate their TEY motif, which explains their intrinsic, MEK-independent activity. Unexpectedly, liquid chromatography--tandem mass spectrometry (LC-MS/MS) analysis revealed that Erk1(R84S) and Erk2(R65S) autophosphorylate additional residues. One of those is Thr-207/Thr-188 (in Erk1/Erk2), which was reported to be abnormally phosphorylated in the hearts of patients with cardiac hypertrophy ([@B36]; [@B53]). Strikingly, Erk2(R65S) efficiently autophosphorylates its Thr-188 residue even when mutated in the TEY motif, presenting the first case of an Erk molecule that manifests catalysis in the total absence of TEY phosphorylation.

Thus we report a unique autophosphorylation activity of Erk molecules that does not require activation-loop phosphorylation. We further report that Erk1(R84S) transforms NIH3T3 cells, indicating that Erks are critical mediators of the oncogenic proficiency of the RTK/Ras/Raf/MEK cascade.

RESULTS
=======

Erk1(R84S) and Erk2(R65S) are spontaneously active in HEK293 and NIH3T3 cells
-----------------------------------------------------------------------------

Several mutants of the Erk family were reported for their intrinsic catalytic activity or gain-of-function property ([@B12]; [@B18], [@B19]; [@B34]). The prominent ones are 1) mammalian Erk1(R84S), Erk2(R65S), Erk1(I103A), and Erk2(I84A), which are catalytically intrinsically active as purified recombinant proteins ([@B19]; [@B34]), 2) *Drosophila* Rolled(D334N) (D338N/D319N in Erk1/Erk2 numeration), which carries the gain-of-function mutation known as *sevenmaker* ([@B12]), and 3) yeast Mpk1(Y268C) (Y280C/Y261C in Erk1/Erk2 numeration; [@B34]). To test whether the intrinsic activity or gain-of-function properties of the mutants could also be manifested in mammalian cells, we transiently expressed the Erk1 and Erk2 mutants in HEK293 cells and monitored the level of phosphorylation of their TEY motif ([Figure 1A](#F1){ref-type="fig"}). Of the mutants tested, Erk1(R84S), Erk1(D338N), Erk2(R65S), and Erk2(I84A) were found to be spontaneously phosphorylated, namely, in serum-starved cells, not exposed to any stimulus, at levels higher than the respective Erk1(WT) and Erk2(WT) proteins ([Figure 1A](#F1){ref-type="fig"}). Erk2 molecules carrying the mutation equivalent to Y268C of Mpk1 (Erk1(280C) and Erk2(Y261C)) or the *sevenmaker* mutation in Erk2 (D319N) or the I103A mutation in Erk1 were not spontaneously phosphorylated at high levels ([Figure 1A](#F1){ref-type="fig"}).

![Some Erk1 and Erk2 variants are spontaneously phosphorylated when expressed in HEK293T and NIH3T3 cells. (A) pCEFL vectors carrying cDNAs encoding the indicated Erk1/2 molecules or a control empty vector were introduced into HEK293 cells. At 48 h posttransfection, cells were serum starved for 24 h and harvested. Protein lysates prepared from these cells were analyzed by Western blotting, using antibodies that specifically recognize phospho-Erk or the relevant tags (6xHis-Erk1, HA-Erk2, or GAPDH). (B) The same pCEFL vectors were introduced to NIH3T3 cells. At 48 h posttransfection, the cells were harvested and subjected to Western blot analysis with the indicated antibodies.](1026fig1){#F1}

The same Erk mutants were also transiently expressed in NIH3T3 cells. In this case serum starvation was not applied because this procedure had a hazardous effect on the cells. Nevertheless, in these cells too, Erk1(R84S) and Erk2(R65S) were spontaneously phosphorylated at higher levels than the ectopically expressed Erk1(WT) and Erk2(WT) proteins ([Figure 1B](#F1){ref-type="fig"}). Of note, for an unknown reason, Erk2(D319N) and Erk2(Y261C), which were expressed in HEK293 cells, were not expressed at all in NIH3T3 cells ([Figure 1B](#F1){ref-type="fig"}).

The foregoing experiments show that Erk1(R84S) and Erk2(R65S) are spontaneously phosphorylated/activated in HEK293 and NIH3T3 cells. To check whether those Erk proteins can activate their downstream targets, we monitored their effect on relevant reporter genes of the pathway. We observed that in HEK293T cells, Erk1(R84S), but not Erk2(R65S), induced transcription of an AP-1--mediated promoter (AP-1 luciferase; [@B3]; [Figure 2A](#F2){ref-type="fig"}). We also tested activation of a promoter known to respond to active Ras, containing a Ras-responsive element (a combination of AP-1 and Ets elements; [@B21]). This reporter gene (pY2) was efficiently activated (14-fold) by transiently expressed Erk1(R84S) in HEK293 cells and also, but less efficiently (fourfold), by Erk2(R65S) ([Figure 2B](#F2){ref-type="fig"}). Thus, Erk2(R65S), although seemingly strongly activated based on its phosphorylation status ([Figure 1A](#F1){ref-type="fig"}), was not efficiently activating the downstream cascade. Erk1(R84S), on the other hand, was spontaneously active in all assays. [Table 1](#T1){ref-type="table"} summarizes the properties of the mutants tested.

![Erk1(R84S) induces AP-1-- and (AP-1+Ets)--mediated transcriptional activity in HEK293T cells. HEK293T cells were cotransfected with the indicated pCEFL vectors together with (A) AP-1-luc or (B) (AP-1+Ets)--luciferase plasmids. A plasmid encoding *Renilla* luciferase (pRL-TK) was also added to each transfection mixture. At 48 h posttransfection, cells were harvested, and the lysates were subjected to the luciferase assay as described in *Materials and Methods*.](1026fig2){#F2}

###### 

Biochemical and physiological properties acquired by Erk molecules.

                Spontaneous phosphorylation in HEK293 cells   Spontaneous phosphorylation in NIH3T3 cells   Spontaneous phosphorylation in stable NIH3T3 cultures   Activation of AP-1--luciferase in HEK293 cells   Activation of pY-2--luciferase in HEK293 cells
  ------------- --------------------------------------------- --------------------------------------------- ------------------------------------------------------- ------------------------------------------------ ------------------------------------------------
  Erk1(WT)      \+                                            --                                            --                                                      2-fold                                           1-fold
  Erk1(R84S)    +++                                           ++                                            +++                                                     10-fold                                          14-fold
  Erk1(I103A)   --                                            --                                            --                                                      Not tested                                       Not tested
  Erk1(D338N)   **++**                                        --                                            Not tested                                              Not tested                                       Not tested
  Erk1(Y280C)   \+                                            --                                            Not tested                                              Not tested                                       Not tested
  Erk2(WT)      --                                            --                                            --                                                      0-fold                                           2-fold
  Erk2(R65S)    ++                                            \+                                            --                                                      2-fold                                           5-fold
  Erk2(I84A)    \+                                            --                                            --                                                      Not tested                                       Not tested
  Erk2(D319N)   +/--                                          --                                            Not tested                                              Not tested                                       Not tested
  Erk2(Y261C)   --                                            --                                            Not tested                                              Not tested                                       Not tested

Erk1(R84S) transforms NIH3T3 cells
----------------------------------

A key question regarding the function of Erks as downstream targets of the RTK/Ras/Raf/MEK pathway is whether the oncogenic proficiency of the pathway could be mediated solely via the activation of Erk molecules. This issue could be addressed by asking whether activation of Erks is sufficient to impose oncogenic transformation. We thus tested whether expression of some of the intrinsically active mutants transform NIH3T3 cells. By selecting G418-resistant cultures, after transfection of the relevant expression vectors to NIH3T3 cells, we established cultures that stably express hexahistidine (6xHis)-tagged Erk1(WT), Erk1(R84S), or Erk1(I103A) or hemagglutinin (HA)-tagged Erk2(WT), Erk2(R65S), or Erk2(I84A). As controls, we prepared G418-resistant cells constitutively expressing Ras(G12V) or MEK(EE) and cells harboring an "empty" vector. Spontaneous phosphorylation of Erk was observed in cells stably expressing Ras(G12V) or 6xHis-tagged Erk1(R84S) ([Figure 3A](#F3){ref-type="fig"}). Phosphorylation of Erk1(R84S) was unusually strong. However, this high phosphorylation stems not only from the intrinsic activity of this mutant, but also from the high steady-state level of the protein, as reflected in a Western blot using anti-polyhistidine antibodies ([Figure 3A](#F3){ref-type="fig"}). It seems that the R84S mutation affects the proteins at two levels; first, it increases its intrinsic (MEK-independent) catalytic properties ([@B34]), and second, it endows it with a degree of stability that results in high steady-state levels. Un­expectedly, Erk2(R65S) was not spontaneously phosphorylated in the stable NIH3T3 cell culture ([Figure 3A](#F3){ref-type="fig"}). In transient expression experiments with the same cell line, Erk2(R65S) was phosphorylated at higher levels than Erk2(WT), although these levels were not as high as in HEK293 cells ([Figure 1, A](#F1){ref-type="fig"} and [B](#F1){ref-type="fig"}).

![Erk1(R84S) is highly expressed and strongly phosphorylated and induces oncogenic transformation of NIH3T3 cells. (A) NIH3T3 cells were transfected with the indicated expression vectors and selected for stable presence of the plasmid using the antibiotic G-418. Four weeks after transfection, cells were harvested. Protein lysates prepared from these cells were subjected to Western blotting, using antibodies that specifically recognize the indicated proteins. (B) NIH3T3 cells were transfected with the indicated vectors and grown in the presence of G-418. Cells were harvested at the indicated time points, and protein lysates prepared were analyzed by Western blot. Asterisk indicates the transfected HA-Erk2. (C) NIH3T3 cells transfected with the indicated vectors were allowed to grow to high density and reach confluence. Continuation of proliferation and appearance of foci was monitored. Cells were fixed and stained with crystal violet 4 wk after transfection. (D) Cells expressing Erk1(R84S) form colonies in soft agar. Cultures of NIH3T3 cells stably expressing the indicated proteins were seeded in triplicate in 96-well plates containing soft agar. Two weeks after plating, cells were stained with MTT and photographed.](1026fig3){#F3}

In an attempt to understand why Erk2(R65S) is not phosphorylated when it is constitutively expressed, we transfected NIH3T3 cells with the expression vectors, applied G418 selection, and monitored expression levels and phosphorylation status of the ectopically expressed Erk proteins ([Figure 3B](#F3){ref-type="fig"}). We observed that in the first days posttransfection, both Erk1(R84S) and Erk2(R65S) were phosphorylated. During the course of selection, however, in which cells that did not integrate the expression vectors to the genome were dying, phosphorylation of Erk2(R65S) was not detected ([Figure 3B](#F3){ref-type="fig"}). This explains the observation that Erk2(R65S) is not phosphorylated in NIH3T3 cultures that stably express it ([Figure 3A](#F3){ref-type="fig"}). We also noted that expression levels of Erk2 molecules, particularly Erk2(R65S), were also very low, as long exposure time of the Western blot film were required to observe it. Perhaps active Erk2 harms the well being of cells, enforcing a selective pressure that selects cells in which Erk2(R65S) is not phosphorylated/activated. By contrast, expression and phosphorylation levels of Erk1(R84S) remained high.

To test whether the cultures that stably express the Erk variants may be oncogenically transformed, we allowed cells to reach 100% confluence and checked whether any of the cultures lost the capability of contact inhibition of growth. Unregulated growth and appearance of foci was observed in cultures harboring vectors expressing Ras(G12V), MEK(EE), or Erk1(R84S) ([Figure 3C](#F3){ref-type="fig"}). No foci were developed by cells harboring vectors expressing Erk1(I103A), Erk2(I84A), or Erk2(R65S) ([Figure 3C](#F3){ref-type="fig"} and unpublished data). We further tested the capability of the NIH3T3 cultures to form colonies in soft agar. In agreement with their ability to form foci, cells of cultures expressing MEK(EE) or Erk1(R84S) developed colonies in soft agar, whereas cells harboring an empty vector or a vector carrying Erk1(WT), Erk1(I103A), Erk2(WT), Erk2(I84A), or Erk2(R65S) did not ([Figure 3D](#F3){ref-type="fig"}). Finally, we tested whether cells of the various NIH3T3 cultures form tumors when subcutaneously injected to nude mice. Within 8 d postinjection, we observed that mice injected with cells expressing MEK(EE) or Erk1(R84S) developed large tumors, whereas mice injected with cells expressing Erk1(WT) or harboring an empty vector formed almost undetectable tumors ([Table 2](#T2){ref-type="table"}). Two weeks postinjection, mice injected with cells expressing Erk1(R84S) manifested tumors 2.5 times larger than those injected with cells expressing MEK(EE) ([Table 2](#T2){ref-type="table"}). Thus, based on the criteria of forming foci, colonies in soft agar, and tumors in nude mice, the cells expressing Erk1(R84S) could be regarded as transformed. This result strongly suggests that Erk1 molecules can become oncogenic.

###### 

Volume of subcutaneous tumors that evolved in nude mice after injection of cells.

               Tumor volume (mm^3^) at given time after injection of cells                 
  ------------ ------------------------------------------------------------- ------------- --------------
  Empty        0                                                             0             0
  MekEE        0                                                             308 ± 96.2    1009 ± 394.7
  ERK1(WT)     0                                                             59 ± 63.9     535 ± 472.9
  ERK1(R84S)   0                                                             333 ± 165.7   Killed

Each value represents an average volume of tumors measured in 10 mice.

It is not clear whether Erk2 could also become oncogenic. Because Erk2(R65S) carries a mutation equivalent to R84S of Erk1 and is similarly active catalytically ([@B34]), it would be expected to be an oncoprotein too. The results of [@B52]) with the MEK-Erk2 fusion protein also suggest that Erk2 could become an oncoprotein. Erk2(R65S) is a less efficient activator of AP-1-- and (AP-1+Ets)--mediated transcription than Erk1(R84S) ([Figure 2](#F2){ref-type="fig"}), suggesting that perhaps active Erk2 might not be as oncogenic as active Erk1. In any case, because in the stable NIH3T3 culture, Erk2(R65S) is not phosphorylated and is expressed at low level ([Figure 3A](#F3){ref-type="fig"}), we cannot tell what would be the phenotype of cells in which Erk2 is highly active.

The intrinsic activity of Erk1(R84S) and Erk2(R65S) is associated with efficient autophosphorylation of their TEY motif
-----------------------------------------------------------------------------------------------------------------------

The described experiments show that Erk1(R84S) and Erk2(R65S) are catalytically active spontaneously in mammalian cells and that Erk1(R84S) is an oncoprotein. It is important therefore to reveal their biochemical properties, particularly the mechanism underlying their MEK-independent activity.

The R84S and R65S mutations in Erk1 and Erk2, respectively, were generated based on a corresponding mutation, R68S, in the yeast Mpk1/Slt2, which rendered the protein independent of its MEKs ([@B34]), namely, the Mpk1(R68S) protein was active in the total absence of its MEKs Mkk1 and Mkk2 and allowed *mkk1∆mkk2∆* cells to proliferate in the presence of caffeine ([@B34]; [Figure 4A](#F4){ref-type="fig"}, row 4). This yeast system thus provides a clear-cut assay for monitoring whether a given mutant is truly independent of upstream signaling. In an attempt to reveal the mechanism that rendered Erk1(R84S) and Erk2(R65S) intrinsically active, we thus also studied the properties of the yeast Mpk1(R68S) protein, taking advantage of the biological output it enables. We first tested whether Mkk1/2-independent ability of Mpk1(R68S) requires phosphorylation of the TEY motif, as this phosphorylation is normally catalyzed by Mkk1/2. We therefore looked at the phosphorylation status of Mpk1(R68S) in *mkk1∆mkk2∆* cells. We found that this mutant, unlike Mpk1(WT), is phosphorylated on its TEY motif, although to a low level, in *mkk1∆mkk2∆* cells ([Figure 4B](#F4){ref-type="fig"}, lane 4). This phosphorylation could be a result of either phosphorylation by a MEK other than Mkk1 or Mkk2 or autophosphorylation activity. Two approaches were taken to distinguish between these possibilities. First, we expressed Mpk1(R68S) in cells of the *mkk1∆mkk2∆pbs2∆ste7∆* strain ([@B35]), which lacks all four yeast MEKs, and tested the ability of the transformants to proliferate on medium supplemented with caffeine. We observed that *mkk1∆mkk2∆pbs2∆ste7∆* cells expressing Mpk1(R68S) did proliferate to a certain degree under these conditions ([Figure 4C](#F4){ref-type="fig"}, row 4). In addition, the Mpk1(R68S) protein was phosphorylated, although to a low level, in these cells ([Figure 4D](#F4){ref-type="fig"}, lane 4). It seems therefore that the mechanism underlying the Mkk1/2-independent activity of Mpk1(R68S) does not involve activation by another MEK. Second, we prepared a kinase-dead version of Mpk1(R68S) in order to check whether its phosphorylation is dependent on its own catalytic activity. For that, we replaced the Lys-54, critical for ATP binding, with Arg. As expected ([@B51]), the K54R mutation is hazardous to the enzyme, as it rendered Mpk1(WT) incapable of rescuing *mpk1∆* cells ([Figure 4E](#F4){ref-type="fig"}, row 4). Similarly, the Mpk1(R68S+K54R) protein did not allow growth on caffeine of *mkk1∆mkk2∆* cells ([Figure 4A](#F4){ref-type="fig"}, bottom row) or *mkk1∆mkk2∆pbs2∆ste7∆* cells ([Figure 4C](#F4){ref-type="fig"}, bottom row) and was not phosphorylated in these cells ([Figure 4, B](#F4){ref-type="fig"} and [D](#F4){ref-type="fig"}). These results combined indicate that Mpk1(R68S) acquired its intrinsic activity via autophosphorylation of its activation loop.

![The intrinsic activity of Mpk1(R68S) is dependent on the autophosphorylation of the TEY motif. *mkk1∆mkk2∆* cells (A), *mkk1∆mkk2∆pbs2∆ste7∆* cells (C), or *Mpk1∆* cells (E) expressing the indicated Mpk1 molecules were plated in five dilutions on plates containing YPD supplemented with 15 mM caffeine (left) or on plates not containing caffeine (YNB --URA; right). Western blot analysis with the indicated antibodies was performed on protein lysates prepared from *mkk1∆mkk2∆* cells (B), *mkk1∆mkk2∆pbs2∆ste7∆* cells (D), or Mpk1 cells (F) expressing the indicated Mpk1 molecules.](1026fig4){#F4}

We could not test directly, in vitro, the autophosphorylation activity of Mpk1(R68S) because the protein was insoluble during various purification attempts. Unlike Mpk1, the mammalian Erk proteins carrying the equivalent mutation, Erk1(R84S) and Erk2(R65S), could be readily purified as recombinant proteins ([@B34]), and we were able to test their capability of autophosphorylation in a kinase assay containing \[γ-^32^P\]ATP and no other substrate. The mutants manifested efficient autophosphorylation capability in this assay ([Figure 5A](#F5){ref-type="fig"}). Western blot analysis of the autophosphorylated proteins, using anti--phospho-Erk antibodies, showed that autophosphorylation events occurred at the TEY motif ([Figure 5B](#F5){ref-type="fig"}). This was also confirmed by capillary LC/MS/MS analysis; see later description). We then tested the activity of Erk2(R65S) bearing mutations at T183 and Y185 of the TEY motif. All proteins tested---Erk2(R65S+T183A), Erk2(R65S+Y185F), and Erk2(R65S+T183A+Y185F)---failed to phosphorylate the substrate provided (myelin basic protein \[MBP\]; [Figure 5C](#F5){ref-type="fig"}), indicating that the spontaneous activity of Erk2(R65S) toward MBP was absolutely dependent on TEY phosphorylation. Thus autophosphorylation of both T183 and Y185 is essential for the intrinsic activity of the intrinsically active Erks.

![Erk1(R84S) and Erk2(R65S) are capable of efficient autophosphorylation at the TEY motif. (A) Autophosphorylation capabilities of the purified Erks were assessed by incubating the proteins in a kinase assay mixture with \[γ-^32^P\]ATP and no other substrate. Reactions were terminated at the indicated time points, separated via SDS--PAGE, stained with Coomassie brilliant blue, and exposed to x-ray film. (B) Autophosphorylation of the active variants occurs at the TEY motif. The indicated proteins were subjected to Western blot analysis using antibodies that react with Erk1/2 proteins phosphorylated at their TEY motif (αpErk) or with antibodies that react with the polyhistidine tag (αHis). (C) Intact TEY motif is essential for catalytic activity of Erk2(R65S) toward the substrate MBP. Catalytic activity of purified recombinant Erks carrying mutations at the TEY motif was analyzed with or without preincubation with active MEK1, using \[γ-^32^p\]ATP and MBP as substrates. Reaction mixtures were spotted on filter papers and quantified. Activity of MEK1-activated Erk2(WT) was defined as 100%. In parallel, a sample from each reaction was subjected to SDS--PAGE, stained with Coomassie brilliant blue, and exposed to x-ray film.](1026fig5){#F5}

In addition to autophosphorylating their TEY motif, Erk1(R84S) and Erk2(R65S) also autophosphorylate their Thr-207/Thr-188 residues
-----------------------------------------------------------------------------------------------------------------------------------

Although Erk1(R84S) and Erk2(R65S) are active catalytically and biologically independent of MEK, they still require phosphorylation of their TEY motif for their activity ([Figure 5C](#F5){ref-type="fig"}). Western blot analysis with anti--phospho-TEY antibodies (anti--phospho-Erk) indeed verified that the strong autophosphorylation activity of these mutants, measured by radioactivity ([Figure 5A](#F5){ref-type="fig"}), is directed toward the TEY motif both in vitro and in cell cultures ([Figures 1A](#F1){ref-type="fig"} and [5B](#F5){ref-type="fig"}). To unequivocally confirm this conclusion, we further determined the phosphorylated sites on Erk1(R84S) and Erk2(R65S) after autophosphorylation reactions, via capillary LC-MS/MS analysis. This analysis confirmed that Erk1(R84S) and Erk2(R65S) are phosphorylated on their TEY motif but disclosed unexpected phosphorylation events on additional phosphorylation sites. Only one of these sites, T207 in Erk1/T188 in Erk2, was found to be autophosphorylated in both Erk1(R84S) and Erk2(R65S). With antibodies generated specifically against phospho--Thr-207-Erk1, which cross-react with phospho--Thr-188-Erk2 (a gift of Steven Pelech and Kinexus Bioinformatics Corporation, Vancouver, Canada) or with a commercial antibody raised against phospho--Thr-188-Erk2 (Badrilla, Leeds, United Kingdom), we observed that Erk1(R84S) and Erk2(R65S) were spontaneously phosphorylated on Thr-207/Thr-188 not only in vitro ([Figure 6A](#F6){ref-type="fig"}) but also when transiently expressed in HEK293 cells ([Figure 6B](#F6){ref-type="fig"}). Phosphorylation of Thr-207/Thr-188 did not change when the cells were exposed to epidermal growth factor (EGF) ([Figure 6B](#F6){ref-type="fig"}). Of importance, not only the active variant, but also Erk2(WT) was phosphorylated to some degree on T188 when expressed in HEK293 cells ([Figure 6B](#F6){ref-type="fig"}), indicating that this phosphorylation event is not peculiar to the active mutants. We thus further tested the status of T207 phosphorylation in the NIH3T3 cells transformed by Erk1(R84S) and found that Erk1(R84S) is constantly phosphorylated on T207 ([Figure 6C](#F6){ref-type="fig"}). Of note, phosphorylation of T188 was previously reported to occur in the hearts of patients with cardiac hypertrophy ([@B36]; [@B53]). T188 phosphorylation in Erk2 was proposed to have an activating effect on the protein because in Erk2(T188D) knock-in mice, Erk's substrates were hyperphosphorylated, and the mice were prone to cardiac hypertrophy. The effect of T188 phosphorylation on the catalytic properties of the protein was not reported, however ([@B36]; [@B53]). Structural analysis revealed that the hydroxyl of the T188 side chain forms hydrogen bond interactions with the catalytic base, D147, which is responsible for activating Erk's substrates. The T188-D147 interaction was proposed to contribute to the stabilization of the activation-loop conformation, constraining activation of T183 and Y185 by D147 and thereby preventing their autophosphorylation ([@B19]). In an attempt to test whether in Erk2(R65S) the spontaneous T188 phosphorylation enhances catalysis, we mutated T188 to Ala or to Asp in both Erk2(WT) and Erk2(R65S). Erk2(T188A), but not Erk2(T188D), manifested a dramatic increase in autophosphorylation activity as monitored in a radioactive autophosphorylation assay ([Figure 6D](#F6){ref-type="fig"}). Mutating T188 to either Asp or Ala in Erk2(R65S) had no effect on its autophosphorylation activity ([Figure 6D](#F6){ref-type="fig"}). Capillary LC-MS/MS analysis showed that in both Erk2(T188A) and Erk2(R65S+T188A), the efficient autophosphorylation is directed exclusively toward Y185, whereas T183 remains unphosphorylated. As a result, these proteins are not expected to be catalytically active toward external substrates. This was indeed verified in a kinase assay with MBP as a substrate ([Figure 6E](#F6){ref-type="fig"}, right). Furthermore, Erk molecules carrying mutations in T188 were inactive even after MEK phosphorylation ([Figure 6E](#F6){ref-type="fig"}, left), indicating that intact T188 is critical for catalysis. Perhaps phosphorylation of T188 is an inhibitor of Y185 phosphorylation, yet the exact consequence of T207/T188 phosphorylation is yet to be determined (see *Discussion*).

![The active variants Erk1(R84S) and Erk2(R65S) are autophosphorylated at a novel phosphoacceptor, T207 (in Erk1) and T188 (in Erk2), which is critical for catalytic activity. (A) The indicated Erk proteins (recombinant purified) were subjected to Western blot analysis, using antibodies specifically raised against phospho-Thr-207/Thr-188 (αpT207/T188) and anti-polyhistidine antibody (αHis). (B) The indicated ERKs were introduced into HEK293T cells. At 48 h posttransfection, cells were serum starved for 24 h. Then cells were exposed or not exposed to 50 ng/ml EGF for 10 min, harvested, and subjected to Western blot analysis using the indicated antibodies. (C) Phosphorylation of T207 in Erk1(R84S) is not affected by EGF. NIH3T3 cells stably expressing Erk1(WT) or Erk1(R84S) were collected, and protein lysates were prepared at the indicated time point after EGF addition. Cell lysates were subjected to Western blot analysis using the indicated antibodies. (D) Erk2(T188A), but not Erk2(T188D), manifested dramatic increase in autophosphorylation activity. Autophosphorylation of purified Erk2(R65S), Erk2(T188A), and Erk2(T188D) was tested by incubating the proteins in a kinase assay mixture with \[γ-^32^P\]ATP and no other substrate. Samples were removed from the assay at the indicated time points and subjected to SDS--PAGE. Gels were stained with Coomassie brilliant blue, dried, and exposed to x-ray film. (E) Mutating T188 of Erk2 to either Asp or Ala diminished its catalytic activity. Catalytic activity of the indicated protein was assayed as described in the legend to [Figure 5](#F5){ref-type="fig"}.](1026fig6){#F6}

Because any catalytic activity of MAPKs is dependent on phosphorylation of the TXY motif, we sought to verify that this also accounts for the spontaneous autophosphorylation of Erk2(R65S) toward T188. We thus measured T188 phosphorylation in the Erk2(R65S+T183A+Y185F) protein. As a control, we tested the autophosphorylation of Erk2(WT) mutated in its TEY motif ([Figure 7B](#F7){ref-type="fig"}). Totally unexpectedly, Erk2(R65S+T183A+Y185F) was found to be a very efficient autophosphorylating enzyme, even more efficient than Erk2(R65S) ([Figure 7A](#F7){ref-type="fig"}, bottom). In addition, intriguingly, Erk2(T183A) manifested an efficient autophosphorylation activity, significantly higher than that of Erk2(WT) ([Figure 7A](#F7){ref-type="fig"}, top). Thus activation-loop phosphoacceptors may be inhibitors of an autophosphorylation reaction. A Western blot analysis confirmed these findings and showed that all proteins carrying the R65S mutation, including Erk2(R65S+T183A+Y185F), were phosphorylated on T188 ([Figure 7B](#F7){ref-type="fig"}). LC/MS/MS analysis further confirmed that Erk2(R65S+T183A+Y185F) is phosphorylated on T188 and perhaps on several more residues. Autophosphorylation of Erk2(T183A) occurs mainly on Tyr-185 as the protein reacts with the common anti--phospho-Erk antibodies ([Figure 7B](#F7){ref-type="fig"}). To our best knowledge, this is the first case of a MAPK molecule that manifests any type of catalysis in the total absence of TXY phosphorylation. The R65S mutation may enforce a conformation that particularly supports phosphorylation of T188.

![T188 is phosphorylated in Erk2(R65S) independently of TEY phosphorylation. (A) Autophosphorylation capabilities of purified recombinant Erks carrying mutations at the TEY motif were tested in the presence of \[γ-^32^P\]ATP as described in the legend to [Figure 5A](#F5){ref-type="fig"}. (B) Purified recombinant Erks carrying mutations at the TEY motif were subjected to Western blot analysis using antibodies specifically raised against phospho--Thr-207/Thr-188 (αpT207/T188), as well as αpErk and αErk antibodies.](1026fig7){#F7}

The R65S mutation induces just subtle changes in Erk2's crystal structure
-------------------------------------------------------------------------

Changing the residue at the 84 position of Erk1 and the 65 position of Erk2 results in dramatic changes in the properties of the proteins ([Figures 1--3](#F1 F2 F3){ref-type="fig"} and [5](#F5){ref-type="fig"}). The structural function of R65, as revealed from the crystal structures of Erk2 and phospho-Erk2 ([@B64]; [@B13]), is to assist in stabilizing the domain closure and promote the geometry of the phosphate-binding ribbon in the active conformation. These effects are a consequence of R65 interaction with phospho-T183, bridged by a solvent molecule. In an effort to reveal the effect of the R65S mutation on Erk2's conformation, we elucidated the crystal structure of Erk2(R65S) at a resolution of 1.53 Å. (The protein DataBank numbers of the described structures are ERK2(WT) 4S31; ERK2(R65S) 4S2Z, and the data collection is shown in Supplemental Table S1a.) Comparing the structure of Erk2(R65S) and that of Erk2(WT) (including that of Erk2(WT), which we crystallized) revealed no significant differences, global or local, between the proteins. We further established the crystal structure of Erk2(WT) and Erk2(R65S) bound to β,γ imido-adenosine 5′-triphosphate (AMP-PNP) and again could not observe significant differences between the proteins. (The protein DataBank numbers of the described structures are ERK2-ANP(WT) 4S32; ERK2(R65S)-ANP 4S33, and the data collection is shown in Supplemental Table S1b.) A single intriguing observation was the presence of hydrogen bond interaction between S65 (in Erk2(R65S) and Y34 ([Figure 8](#F8){ref-type="fig"}). Because Y34 resides in the P-loop, this new interaction may somehow affect ATP binding. Nonetheless, the fact that the dramatic differences in the catalytic properties of the protein are not reflected in the crystal structure is enigmatic.

![Minor conformational changes, apparent only at the site of mutation, are observed when the crystal structure of Erk2(R65S) is compared with that of Erk2(WT). Superimposition of the structures of Erk2(R65S) (yellow) and Erk2(WT) (cyan) at the region of the mutation. The side-chain hydroxyl of S65 in Erk2(R65S) is directed toward Y34 from the P-loop, forming a polar interaction, whereas R65 in Erk2(WT) does not form any interaction with this region. Another hydrophobic interaction, between Y34 and Y62 from the C-helix, is similar in both proteins.](1026fig8){#F8}

In summary, the yeast Mpk1(R68S) and the mammalian Erk1(R84S) and Erk2(R65S) mutants are able to bypass the need of MEK-mediated phosphorylation because they have the capability to autophosphorylate the TEY motif, perhaps via reorientation of the phosphate- binding ribbon motif. Erk1(R84S) and Erk2(R65S) further acquired the ability to spontaneously autophosphorylate other regulatory sites, primarily T207/T188, a site that is essential for catalysis. Not only is phosphorylation of T207/T188 independent of TEY phosphorylation, but also the TEY motif seems to inhibit this autophosphorylation reaction.

DISCUSSION
==========

In most cell types, activation of the RTK/Ras/Raf/MEK pathway leads to dramatic physiological effects ([@B29]; [@B33]). Constitutive activity of the pathway is measured in almost all cancer cases ([@B31]; [@B50]; [@B25]), and expression of constitutively active (oncogenic) variants of RTKs, Ras, MEK ([@B16]; [@B37]), or a MEK-Erk2 fusion protein ([@B52]), transforms cells in culture ([@B61]). Current understanding is therefore that Erk proteins are the only targets of this pathway, implying that activation of Erks alone would be oncogenic, but perhaps not as oncogenic as are upstream components, because RTKs, Ras, and Raf activate more pathways that also contribute to oncogenesis ([@B38]; [@B58]; [@B63]; [@B33]). The observation that Erk1(R84S) acquired oncogenic properties supports the notion that activation of Erk is a very important element in the oncogenic effect of the cascade. Nonetheless, active RTKs or Ras seem to be more efficient and more aggressive oncoproteins than Raf, which in turn is more aggressive than active MEKs, which are quite rare in cancer ([@B42]). Perhaps oncogenic transformation by active Erk is even less efficient and less severe, explaining why active Erk has not been identified in diseases. It is curious, however, that in a single cancer case, reported in the Catalogue of Somatic Mutations in Cancer (COSMIC) database, a patient with endometrium carcinoma was carrying an R84H mutation in her ERK1 gene (mutations ID, COSM4875436). Furthermore, a screen for mutations that render cells resistant to several chemotherapeutic agents also identified the R84H mutation in ERK1 ([@B20]). It could be, therefore, that activating mutations in ERKs, particularly mutations in R84, will be proven to have clinical significance. In any case, the finding of this study pointing to ERK1 as a proto-oncogene suggests that Erk1 is a critical downstream target of RTKs, Ras, and Raf as a mediator of their oncogenicity.

We cannot conclude whether Erk2 is also a proto-oncogene because we could not obtain stable clones in which Erk2(R65S) is highly expressed and phosphorylated. Nonetheless, the observation that MEK-Erk2 protein is oncogenic ([@B52]) suggests that Erk2 might also be a proto-oncogene.

The fact that MEK is an activator of both Erk1 and Erk2 and is a bona fide proto-oncogene ([@B16]; [@B37]; [@B42]) might imply that simultaneous activation of both Erk1 and Erk2 would give rise to a more efficient transformation. We therefore coexpressed active variants of both Erk1 and Erk2 in NIH3T3 cells but did not observe more foci than those that appeared after expression of Erk1(R84S) alone. It could be, however, that Erk2(R65S) is not the proper molecule with which to ask this question because it seems that the cells (at least NIH3T3 cells) somehow inactivate it.

The mechanism underlying the MEK-independent activity of Mpk1(R68S), Erk1(R84S), and Erk2(R65S) involves acquirement of efficient autophosphorylation capabilities on both the Thr and Tyr of the activation loop. Erk proteins were previously reported to possess weak autophosphorylation capability, primarily toward Tyr residue only ([@B57]), or autophosphorylation toward T188 (of Erk2) under particular conditions ([@B36]). Here we showed that Erk proteins do possess an efficient autophosphorylation and autoactivation capability, suggesting that Erks are similar to most ePKs in this respect. However, this activatory autophosphorylation ability, which is spontaneous in most ePKs, is occluded in Erks and must be uncovered. It is not known which structural element(s) restrict spontaneous autophosphorylation in Erks and distinguish them from most ePKs. Perhaps the MAPK insert domain is involved ([@B6]). We were able to unmask the autophosphorylation activity of Erks by converting the particular Arg at the αC helix to Ser. We suppose that there are also physiological conditions under which Erk's autophosphorylation is induced. Activation by induced autophosphorylation rather than by the canonical MAPK cascade was reported for the MAPKs p38α and p38β ([@B22]; [@B54]; [@B43]). Of note, whereas MEK-independent activation of MAP kinases of the p38 family results in molecules that are monophosphorylated on Thr only ([@B7]; [@B4], [@B2]; [@B6]), the autoactivation of the Erk molecules described here provides dually phosphorylated molecules. Therefore there must be fundamental mechanistic differences between the autophosphorylation reaction of p38 and Erk molecules.

A striking mechanism is responsible for the autophosphorylation of T207 and T188 in Erk1 and Erk2, respectively. Not only is this mechanism independent of TEY phosphorylation, it seems to be inhibited by T183 and Y185. A possible mechanistic model suggests competition between T183, T185, and T188 on the interaction with the hydroxyl activator Asp-147 ([@B19]). Changes in the αC-helix, for example, by the R65S/R84S mutation, make the protein more flexible and motional, allowing several phosphoacceptors to be activated by Asp-147.

The effect of T188 phosphorylation on Erk2 catalytic, biological, and pathological function is not clear and is not trivial to study because mutating Thr-188 to Ala or Asp abolishes catalytic activity altogether. Because Erk1(R84S) and Erk2(R65S) are spontaneously active in vitro and in cells in culture and at the same time are autophosphorylated at T207 and T188, respectively, this phosphorylation could be associated with the mechanism that renders them intrinsically active. Further, when stably expressed in NIH3T3 cells, Erk1(R84S) is constantly active and constantly phosphorylated on T207, supporting the linkage between this phosphorylation and activity. However, given that any change in the 188 position of Erk2 renders the kinase inactive, the possibility remains that T188 phosphorylation reduces Erk2's phosphotransferase activity. This latter notion has been supported by independent and parallel studies performed with Erk1 with extensive mutations of it T-activation phosphosites ([@B65]). Whatever the role of T207/T188 may be, given that Erk1(R84S) and Erk2(R65S) are spontaneously phosphorylated at this residue, they provide a convenient experimental system for testing it. T207/T188 of the activation loop of Erks is highly conserved in many ePKs, so that understanding the functionality of phosphorylation of this residue could be important for understanding the regulation of most ePKs. Finally, the mechanism of T188 phosphorylation seems rather unique, because in the context of Erk2(R65S), it is independent of TEY phosphorylation, namely, MAP kinases can acquire some modes of active conformation without being phosphorylated.

MATERIALS AND METHODS
=====================

Plasmids
--------

Plasmids carrying the mutants Erk1(R84S), Erk1(I103A), Erk1(D338N), Erk1(Y280C), Erk2(R65S), Erk2(I84A), Erk2(D319N), and Erk2(Y261C) were previously described ([@B19]; [@B34]). For the creation of new mutations, pCEFL vector (Invitrogen, Carlsbad, CA) containing either rat-Erk1(WT) or rat-Erk2(WT), with Erk1 N-terminally tagged with 6xHis or Erk2 N-terminally tagged with HA sequence (YPYDVPDYA), served as templates for site-directed mutagenesis for the mutations Erk2(T188A) and Erk2(T188D), using the Stratagene (La Jolla, CA) QuikChange kit according to manufacturer's instructions. All cDNAs were verified via DNA sequencing. Primers used for the mutagenesis are shown in [Table 3](#T3){ref-type="table"}. The pET15b or pHIS parallel (Addgene, Cambridge, MA) vectors containing cDNA encoding the Erk variants were used for protein expression and purification. The ERK2 cDNA containing mutations at the TEY motif were transferred to pHIS parallel vectors using the *Nco*I and *Not*I restriction enzymes from pBluescript (pBS) vectors containing the indicated mutations. The K54R mutation was introduced into *MPK1* via site-directed mutagenesis on the plasmids pAES426-HA-MPK1(WT) and pAES426-HA-MPK1(R68S) ([@B35]) to obtain pAES426-HA-MPK1(K54R) and pAES426-HA-MPK1(K54R+R68S), respectively. Sequences of the primers used for mutagenesis are listed in [Table 3](#T3){ref-type="table"}.

###### 

Primers used for site-directed mutagenesis.

  Description    Primer sequence
  -------------- -------------------------------------------------
  ERK2-T188A-F   5′-GGGTTCTTGACAGAGTATGTAGCCGCGCGTTGGTACAGAGC-3′
  ERK2-T188A-R   5′-TGTACCAACGCGCGGCTACATACTCTGTCAAGAACCC-3′
  ERK2-T188D-F   5′-GGGTTCTTGACAGAGTATGTAGCCGACCGTTGGTACAGAGC-3′
  ERK2-T188D-R   5′-TGTACCAACGGTCGGCTACATACTCTGTCAAGAACCC-3′
  MPK1-K54R-F    5′-CCACAGTTGCCATCAGGAAAGTGAC-3′
  MPK1-K54R-R    5′-GTCACTTTCCTGATGGCAACTGTGG-3′

Cell cultures and transfection procedures
-----------------------------------------

NIH3T3 cells were cultured in DMEM supplemented with 10% fetal bovine serum (FBS), 0.044 M sodium hydrogen carbonate, and streptomycin and penicillin (Beit-Haemek, Beit-Haemek, Israel). HEK293T cells were cultured in the same medium supplemented with 10% FBS, 0.017 M sodium hydrogen carbonate, 1 mM sodium pyruvate, and streptomycin and penicillin. All cells were incubated at 37ºC and 5% CO~2~. HEK293T cells were plated 24 h before transfection at 1.5 × 10^5^ cells per 3-cm plate or 8 × 10^5^ cells per 10-cm plate. Medium was changed to half the volume approximately 2 h before transfection. Cells were transfected with 10 μg of cDNA (pCEFL plasmids) for 24 h using the calcium phosphate method ([@B30]), washed with phosphate-buffered saline (PBS), and provided with fresh medium. At 48 h posttransfection, cells were either starved for serum (incubated in medium with no serum) or received fresh medium for an additional 24 h. Then cells were lysed by addition of 80 μl of sample buffer containing 10% glycerol, 3% SDS, 0.2 M Tris, pH 6.8, 5% β-mercaptoethanol, and phenol blue dye, followed by 10 min of boiling at 100ºC. NIH3T3 cells were transfected using TurboFect Transfection Reagent (Thermo Scientific, Waltham, MA) or TransIT-X2 System (Mirus Bio LLC, Madison, WI) according to manufacturer's protocol.

Western blotting
----------------

A 100-ng amount of recombinant proteins, 30 μg of protein lysates prepared from mammalian cells, or 45 μg of lysates prepared from yeast cells was separated by SDS--PAGE and subsequently transferred to a nitrocellulose membrane. After incubation of the membrane with the appropriate antibodies (see [Table 4](#T4){ref-type="table"}), specific proteins were visualized using an enhanced chemiluminescence detection reagent.

###### 

Antibodies used in this study.

  Antibody                Manufacturer
  ----------------------- -----------------------------------
  Anti--phospho-Erk       Cell Signaling (\#4377)
  Anti-Erk                Cell Signaling (\#4370)
  Anti-Mpk1               Santa Cruz Biotechnology (SC6803)
  Anti-polyhistidine      Sigma-Aldrich (H1029)
  Anti-HA                 Santa Cruz Biotechnology (12CA5)
  Anti--phospho-Thr-188   Badrilla (A010-40AP)
  Anti--phospho-Thr-207   Kinexus Bioinformatics (PK865)

Soft agar assay
---------------

Approximately 5000 cells of each NIH3T3 culture that stably expressed Erk variants or contained a control vector were seeded in triplicate in a 96-well plate. The assay was performed using a CytoSelect 96-well Transformation Assay kit (Cell Biolabs, San Diego, CA) according to manufacturer's protocol. After a 2-wk incubation period, cells were stained using MTT reagent and incubated for 4 h. All the plates were photographed using an Olympus IX70 microscope.

Foci formation assay
--------------------

Approximately 1.5 × 10^5^ NIH3T3 cells were plated on a 3-cm plate, transfected with the relevant plasmid, and selected for the presence of the plasmid by incubation with 400 μg/ml G-418. Four weeks after transfection, cells were fixed with 100% MeOH for 20 min, stained with 4% crystal violet dye for 5 min, and photographed.

Luciferase assay
----------------

Approximately 7.5 × 10^5^ HEK293T cells were cotransfected with an ERK expression vector, *Renilla* luciferase, and either 6×AP-1-luc construct ([@B2]) or pY2-luc construct ([@B21]). The assay was preformed 48 h posttransfection. Cells were lysed according to manufacturer's protocol (Dual Luc system; Promega, Madison, WI), and luciferase was measured with a Tube luminometer (GloMax). The firefly luciferase activity was normalized to the *Renilla* luciferase activity.

Tumorigenicity assay in nude mice
---------------------------------

Female nude mice (Harlan; Rehovot, Israel) at 6--7 wk of age were divided into groups of 10 animals each. NIH3T3 cells stably expressing the different Erk variants were plated in 750-ml flasks and allowed to grow to ∼80% confluence. The cells were washed with PBS and harvested. Cell pellets were resuspended in PBS at a density of 1 × 10^7^/ml, and 200 μl of these cells was injected subcutaneously into the right flank of each animal. Tumor volumes were measured over a period of 2 wk after injection. Volume of the growing tumors was calculated as *V* = *LW*^2^/2, where *L* is length and *W* is width.

Yeast strains and media
-----------------------

The *Saccharomyces cerevisiae* strains used in this study were *mkk1*Δ*/mkk2*Δ (BY4741; Mat a; *his3Δ1; leu2Δ0; met15Δ0; ura3Δ0*, YPL140c::kanMX4), *mkk1::LEU2*; [@B34]), *mpk1*Δ (BY4741; Mat a; *his3Δ1; leu2Δ0; met15Δ0; ura3Δ0*; YHR030c::kanMX4; obtained from EUROSCARF, Frankfurt, Germany), and *pbs2*Δ*ste*7Δ*mkk1*Δ*mkk2*Δ (BY4741; Mat a; *his3Δ1; leu2Δ0; met15Δ0; ura3Δ0*; YJL128c::kanMX4; *ste7::LEU2; mkk1::*HygromycinB; *mkk2::HIS3*; [@B35]). Yeast cultures were maintained on YPD (1% yeast extract, 2% Bacto Peptone, and 2% glucose, plus, where indicated, 15 mM caffeine) or on the synthetic medium YNB-URA (0.17% yeast nitrogen base without amino acids and NH~4~(SO~4~)~2~, 0.5% ammonium sulfate, 2% glucose, and 40 mg/l adenine, histidine, tryptophan, lysine, leucine, and methionine).

Yeast cell plasmid transformation
---------------------------------

Plasmids were introduced into the relevant yeast strain by the lithium acetate method as described by [@B56]).

Growth assay of yeast cells on medium supplemented with caffeine
----------------------------------------------------------------

Yeast cultures were grown in liquid medium of YNB --URA to mid logarithmic phase (OD~600~ = 0.5). Then five serial 10-fold dilutions were prepared, starting at OD~600~ = 0.4 (approximate concentrations 10^7^, 10^6^, 10^5^, 10^4^, and 10^3^ cells/ml). For each yeast strain, 5 μl of each dilution was spotted on the YPD plates supplemented with 15 mM caffeine or on plates containing YNB --URA medium and grown at 30ºC for 6 d.

Preparation of yeast cell lysates
---------------------------------

Cell cultures (12 ml) were grown on YNB --URA to OD~600~ = 0.4--0.6. Cultures were pelleted and resuspended in 10 ml of 20% trichloroacetic acid (TCA). After the samples were pelleted again, they were resuspended in 200 ml of 20% TCA at room temperature (25°C), and 400 mg of glass beads was added. Each sample was vortex-mixed twice for 8 min. Supernatants were transferred to new Eppendorf tubes, and glass beads were rinsed twice with 200 μl of 5% TCA (the final concentration of TCA was 10%). After centrifugation, pellets were resuspended in 100 μl of 2× Laemmli sample buffer, followed by addition of 50 μl of 1 M Tris base. Samples were vortex-mixed for 30 s and boiled for 3 min before centrifugation. The supernatant was used.

Expression and purification of Erk molecules in *E. coli* cells
---------------------------------------------------------------

Erk variants were expressed and purified as previously described ([@B34]).

Paper-spotted kinase assay
--------------------------

To activate the recombinant Erk variants, 1 μg of a purified recombinant 6xHis-tagged Erk protein and 10 ng of recombinant active MEK1 (14-429; Upstate Biotechnology, Lake Placid, NY) were used. Final reaction conditions were 100 mM NaCl, 35 mM Tris-Cl, pH 8, 15 mM MgCl~2~, 5 mM 2-glycerolphosphate, 0.2 mM Na~3~VO~4~, 0.02 mM dithiothreitol (DTT), 1 mM ethylene glycol tetraacetic acid, and 100 μM ATP. The activation reactions proceeded for 30 min at 30°C and were terminated by placement on ice.

The kinase assays were initialized by the addition of 45 μl of reaction mixture to 5 μl of Erk enzyme. Final reaction conditions were 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH 8, 0.1 mM benzamidine, 10 mM MgCl~2~, 25 mM 2-glycerolphosphate, 1 mM Na~3~VO~4~, 0.1 mM DTT, 0.5 μg/μl MBP (M1891; Sigma-Aldrich, St. Louis, MO), 0.1 mM ATP, and 0.1 μCi of \[γ-^32^P\]ATP. The kinase reactions proceeded for 15 min at 30°C and were terminated by the addition of 50 μl of 0.5 M EDTA, pH 8 (250 mM final), and placement on ice. After reaction termination, aliquots of 85 μl from each well were spotted onto 3 × 3--cm paper squares of Whatman No. 3MM and briefly air-dried. Each square was rinsed four times with 10% TCA and 3% sodium pyrophosphate (10 ml/square) for 1.5 h (each time), twice with 100% ethanol (4 ml/square) for 20 min each, and air-dried. The radioactivity of each square was counted using a scintillation counter running a ^32^P Cherenkov program. Experimental points were in triplicate. In parallel, Laemmli sample buffer was added to 15-μl samples of each reaction. These samples were then boiled at 100°C for 5 min and separated on 15% SDS--PAGE. The gel was dried and exposed to x-ray film.

Autophosphorylation assay
-------------------------

A 1-μg amount of a purified recombinant 6xHis-tagged Erk protein was incubated in Erk-activating buffer lacking MEK1. The autophosphorylation reactions proceeded for the indicated time in each experiment at 30°C and were terminated by placement on ice and addition of Laemmli sample buffer. All samples were boiled at 100°C for 5 min and separated on 10% SDS--PAGE. The gel was exposed to x-ray film.

Capillary LC-MS/MS analysis for identification of phosphorylation sites
-----------------------------------------------------------------------

A 1-μg amount of protein from each autophosphorylated Erk sample was trypsin digested and desalted on a disposable reversed-phase column (C18 Micro Tip Column; Harvard Apparatus, Holliston, MA). The samples were first brought to a concentration of 8 M urea and 100 mM ammonium bicarbonate. Next 45 mM DTT was added to final concentration of 2.6 mM, and the samples were incubated for 30 min at 60°C with mild agitation. The samples were cooled to room temperature, and 150 mM iodoacetamide was added to final concentration of 8.8 mM for 30 min at room temperature in the dark. After fourfold dilution (to 2 M urea) with water, trypsin was added at a ratio of 1:50 (trypsin to protein), and the samples were incubated overnight at 37°C. A second dose of trypsin was given after the overnight digestion, and the samples were left to continue the proteolysis for an additional 4 h at 37°C. The samples were then acidified with 2 μl of 0.1% trifluoroacetic acid (TFA) to stop the reaction. Peptides desalting was carried out by C18 Micro Tip Columns (Harvard Apparatus). The tips were washed with 80% acetonitrile and 0.1% TFA (elution solution), followed by 0.1% TFA (desalting solution). The samples were loaded in 0.1% TFA on the C18 microcolumns, and the flowthrough fractions were kept. The tryptic peptides were desalted with 0.1% TFA and eluted with 80% acetonitrile with 0.1% TFA. Next the samples were completely dried by vacuum centrifugation and resuspended in 0.1% formic acid for LC-MS/MS on an OrbitrapXL (Thermo Scientific).

Crystallization, data collection, and solution of ERK variants
--------------------------------------------------------------

See the Supplemental Materials.
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